Moiré superlattices formed in van der Waals bilayers have enabled the creation and manipulation of new quantum states, as is exemplified by the discovery of superconducting and correlated insulating states in twisted bilayer graphene near the magic angle. Twisted bilayer semiconductors may lead to tunable exciton lattices and topological states, yet signatures of moiré excitons have been reported only in closely angularly-aligned bilayers. Here we report tuning of moiré lattice in WS 2 /MoSe 2 bilayers over a wide range of twist angles, leading to the continuous tuning of moirélattice induced interlayer excitons and their hybridization with optically bright intralayer excitons.
The ability to create atomically thin heterostructures by stacking van der Waals materials marks a new frontier in materials science and condensed matter physics [1] [2] [3] . When two monolayer crystals of the same lattice symmetries overlay on each other, a moiré superlattice may form due to a small mismatch in their lattice constants or angular alignment [4, 5] . The latter -the twist angle between the two layers -provides a unique tuning knob for engineering the electronic properties of the heterostructure. Seminal results have been obtained in twisted bilayer graphene, where superconducting and correlated insulating states are created by fine control of the twist angle [6] [7] [8] [9] . In semiconductors, such as transition metal dichalcogenides heterobilayers, a wide variety of phenomena become possible and tunable with angle in moiré lattices, ranging from single exciton arrays to topological bands, to strongly correlated states [10] [11] [12] [13] . Localized excitons, exciton minibands, and correlated states in moiré superlattices have been reported in TMD bilayers with very small twist angles [14] [15] [16] [17] [18] [19] [20] . Increasing the twist angle, however, has led to suppression of measurable effects of moiré superlattices. Hybrid exciton resonances formed by coupling between inter-and intra-layer excitons have also been reported in angularly-aligned WS 2 /MoSe 2 heterobilayers and it was suggested that the moiré lattice may enhance interlayer coupling; yet only a single resonance was resolved as the twist angle deviates from 0 • or 60 • [21] .
In this work, we demonstrate twist-angle tuning of moiré lattices in WS 2 At these angles, moiré -lattices are formed commensurate with the monolayer lattices, bringing angularly shifted valleys of the two monolayers into equivalent momentum in the moiré Brillouin zone, thereby enabling strong inter-layer tunneling. The resulting hybrid exciton states resemble the features in hetero-bilayers with θ = 60 • and 0 • , respectively. The observation of these new moiré states in the twisted bilayers directly demonstrates the discrete translational symmetry, or periodicity, of the moiré pattern -the defining feature of a lattice.
We furthermore measure continuous tuning of the energy and spectral weight of the hybrid excitons in the moiré lattice by the twist angle. The results agree very well with an analytical theory model that takes into account the interplay between spin-orbit splitting of the conduction band, valley selection rules, atomic stacking orders and the lattice symmetries. By comparing with the model, we obtain from the angle dependence the effective mass of the interlayer excitons and the inter-layer electron tunnelling strength. Lastly, by comparison of hybrid states formed from different intra-layer exciton states, we find that the binding energies of the uncoupled inter-layer and intra-layer exciton states differ by merely 10-16 meV, as opposed to ∼100 meV based on first-principle calculations when interlayer tunneling is neglected [22] .
The devices used in this work are WS 2 /MoSe 2 heterobilayers with different twist angles θ, encapsulated by few-layer hexagonal boron nitride (hBN) (see Methods for details). Figure 1a shows an example of the optical microscope image of an encapsulated heterobilayer, where the sharp edges of two monolayers are aligned. The twist angle is measured to be θ = 59.8 • ± 0.3 • by comparing the angle-dependence of second harmonic generation from each monolayer and from the bilayer (see Supplementary Information SI figure2 for details). The hole band offset is large but the conduction band offset is small between WS 2 and MoSe 2 . Therefore inter-layer electron tunneling is expected between states of the same spin and valley, which leads to hybridization between the corresponding intra-and inter-layer exciton transitions that share the same hole state, as illustrated in the inset of Figure 1a .
We first characterize exciton hybridization in closely aligned hetero-bilayers, with θ ∼ 0 • or 60 • . In such bilayers, the Brillouin zones of the two layers closely overlap in momentum space to form nearly direct bandgaps for both the inter-and intra-layer transitions ( Figure 1b ), and thereby inter-and intra-layer excitons can hybridize [23] .
To identify optically bright resonances, we measure the reflectance contrast (RC) spectrum,
(see Methods for details). Interlayer exciton has an oscillator strength two orders of magnitude weaker than that of the intra-layer exciton, due to separation of the electron and hole wavefunction, so it is typically too weak to be measurable in absorption or RC spectroscopy.
However, when interlayer excitons hybridize with intra-layer ones via electron or hole tunneling, the hybrid states acquire an oscillator strength through the intra-layer exciton component. Therefore,
we can identify the hybrid excitons via their spectral weight in the absorption spectra of the heterobilayer in comparison to those of the monolayer.
As shown in fig. 1c , the MoSe 2 monolayer region of the device (as marked on fig. 1a ) shows a strong intralayer MoSe 2 A exciton resonance near 1.65 eV, while the WS 2 monolayer has no exciton resonances nearby. In the bilayer, stacking of the WS 2 layer is expected to lead to a red shift of the MoSe 2 A exciton resonance [21] while also introducing an interlayer exciton transition, between an electron in WS 2 and a hole in MoSe 2 , that is close in energy. The interlayer exciton has a negligible oscillator strength due to electron-hole separation. However, two clearly-resolved resonances appear in our bilayer, both with significant spectral weight (top spectrum in fig. 1c ).
The same two resonances are also measured in photoluminescence (See supplementary material SI figure 3 ). We therefore identify them as the inter-and intra-layer hybrid states, both of which inherit an oscillator strength from their intra-layer component [21] . There are multiple pairs of intra-and inter-layer excitons that can hybridize. We focus on the transition region of MoSe 2 A exciton first and label these states as M oA excitons, of which the hole is always in the highest MoSe 2 valence band. Other pairs will be analyzed later.
The relative spectral weight of the lower (LHX) and upper hybrid excitons (UHX) corresponds to the ratio of their oscillator strengths f LHX /f U HX . It is controlled by their intra-layer exciton fractions, which in turns is controlled by the energy detuning δ = E IX −E X between the uncoupled inter-layer (E IX ) and intra-layer (E X ) resonances. Therefore f LHX /f U HX greater or less than one corresponds to positive or negative detuning δ.
As clearly seen in the spectra ( fig. 1c ), in the R-stacking bilayers (θ = 2.1 • ), the LHX has a larger spectral weight than the UHX, suggesting the uncoupled interlayer state lies above the intralayer one, or δ R > 0, as illustrated in fig. 1b . In contrast, in the H-stacking bilayer (θ = 59.8 • ), the UHX has a larger spectral weight, suggesting δ H < 0. These results are consistent with the spin selection rules of the excitonic transitions (see more detailed illustration in Fig. 1b ) [23] . The difference in the detuning between R-and H-stacking bilayers correspond to the spin-orbit splitting of WS 2 conduction band (see illustration in fig. 1b ).
To analyze the results quantitatively, we first obtain the energies, E LHX and E U HX , and oscillator strengths of the hybrid states by fitting the RC spectra using the transfer matrix method, where the hybrid excitons are modeled as Lorentz oscillators (See supplementary information SI figure1 for details) [23, 24] . The fitted spectrum agrees well with the data, as shown in fig. 1c . Describing the hybrid modes with the coupled oscillator model, we have
. Thereby using the fitted E LHX,U HX and f LHX,U HX , we can obtain δ and J. The results are summarized in fig. 1d . The coupling strength is found to be around 20 meV for both R-and H-stacking. The detuning of the R-and H-stacked bilayers differ by 25.9 ± 0.5 meV [25] , consistent with the spin-orbit splitting of WS 2 from theory calculation [26] , confirming the hybrid states are formed by spin-conserved electron tunneling between the two layers.
To study tuning of the hybrid excitons by the moiré lattice, we perform the same measurements and analysis as discussed above on 30 samples with different twist angles, and obtain how the exciton energies, oscillator strengths and inter-layer tunneling vary with the changing moiré lattice.
We define θ 0 < 30 • as the angular deviation from aligned bilayers of R-or H-stacking. θ 0 = |θ| for R-stacking and θ 0 = |60 • − θ| for H-stacking.
As shown in fig. 2 , the M oA hybrid exciton doublets are clearly resolved for θ 0 up to 6 • , which would correspond to a tuning of the moiré lattice constant by nearly three-fold [27] . The spectral weights of the doublets evolve continuously with the twist angle, reflecting continuous increase of where the center of mass momentum q i , measured relative to the band minimum of interlayer exciton, correspond to q 1 = K M − K W for R-stacking, with q 2,3 connected to q 1 by 2π/3 and 4π/3 rotations, respectively, via moiré reciprocal lattice vectors. These three inter-layer states are offset from their band minimum by the kinetic energy 2 q 2 i /(2M IX ), for i = 1, 2, 3 and M IX the total mass of inter-layer exciton. These three states can couple due to the moiré lattice and therefore, superpose to form moiré minband states, of which one interlayer exciton state shares the same angular momentum as the intra-layer MoSe 2 A exciton at q X ∼ 0, giving rise to the hybrid doublet we observe in angularly misaligned bilayers (see Methods for details).
When θ deviates more from 0 • or 60 • , the interlayer exciton formed in the moiré lattice continuously blueshifts because of the increasing kinetic energy, which explains the measured continuous blueshift of the LHX and UHX resonances, and the continuous increase of the spectral weight of LHX compared to UHX.
To analyze our results more quantitatively, we develop an analytical microscopic theory based on the above understanding (see Methods for details). Comparing it with the measured twist-angle dependence of the hybrid states, we obtain the key band parameters of the bilayer, including the interlayer exciton effective mass and interlayer coupling strength.
We first compare the measured detuning δ vs. θ 0 and the interlayer exciton kinetic energy. As discussed above, δ is given by:
where δ 0 is the detuning at θ = 0 • or 60 • for bilayers close to R-and H-stacking, respectively. q 1 is equal to 4π/(3a M ), and a M is the moiré period approximated by a 0 / θ 2 0 + 2 , for a 0 the monolayer lattice constant and the lattice constant mismatch |a 0 − a 0 |/a 0 between the two layers.
Equation.
(1) shows that δ increases quadratically with θ 0 . As θ 0 increases from 0 • to 6 • , a M changes by nearly three fold, and δ − δ 0 changes by seven-fold [27] . Fitting the measured δ vs.
θ 0 with Equation.
(1), we find the inter-layer exciton total mass M IX to be (6.9 ± 3.2)m 0 and (1.41 ± 0.28)m 0 for R-and H-stacking heterobilayers, respectively, for m 0 the electron free mass.
From our microscopic theory, we can also estimate the conduction-band interlayer tunneling parameter w from the coupling strength J through the relation
where φ k and ψ k are respectively the relative-motion wave function for interlayer and intralayer excitons with the normalizations (1/A) k |ψ k | 2 = 1 and (1/A) k |φ k | 2 = 1. Here A is the system area and m h,IX is the hole mass for the interlayer exciton. Because of the momentum shift (m h,IX /M IX )q 1 in the integral of Eq. (2), J decreases with increasing θ 0 , which agrees with the experimentally observed angle dependence of J. At small θ 0 , J can be approximated by √ 3w.
Using our experimentally measured value of J at θ 0 ∼ 0, we estimate the interlayer tunneling w to be about 14 meV for both R-and H-stacking bilayers.
When the twist angle θ 0 is greater than 6 • , the hybrid exciton doublets become hard to be resolved, likely because there is a large blue detuning and the UHX has a vanishing oscillator strength (See supplementary material SI figure 4 for details).
Remarkably It is interesting to compare the detuning for M oA and W A states for θ ∼ 0 • , which we label as δ M oA and δ W A , respectively. As shown in the schematic electronic band diagram in fig. 4a , neglecting exciton binding energies, the detuning of the inter-layer transition from the intra-layer one is the same magnitude but opposite signs between the M oA and W A states. . 4b ). The value is significantly lower than predictions based on first principle calculations when interlayer tunneling is neglected [22] .
In summary, we demonstrate continuous tuning of hybrid moiré excitons that are formed by Coupled oscillator model on hybrid excitons. To extract the coupling strength J and detuning δ of intralayer and interlayer excitons, we use the coupled oscillator model to describe the exciton hybridization, and write the Hamiltonian as:
where E IX and E X represent the energies of uncoupled interlayer exciton and intralayer exciton, and J is the tunneling strength of conduction bands electrons. By diagonalizing the matrix, the eigen energies can be extracted, and difference of the two eigen states is ∆E = √ 4J 2 + δ 2 , where δ = E IX − E X . Since the oscillator strength of uncoupled interlayer exciton state is negligibly small compared with the intralayer exciton state, we set it as 0 in the calculation. The ratio of the oscillator strength between the hybrid excitons is f LHX
Theory for hybrid moiré excitons. We present a microscopic theory to account for our experimentally observed phenomena of hybrid moiré excitons. For definiteness, here we focus on R-stacking bilayers with a small twist angle θ near 0 • , and the hybrid M oA states at K valley.
The corresponding intralayer A exciton state of MoSe 2 can be represented as
where |G represents the ground state of the system with fully filled valence bands, and a † c,M,(K M +k) a v,M,(K M +k) creates a particle-hole excitation at valley K in MoSe 2 layer, and ψ k is the relative-motion wave function. In Eq. (3) , A is the system area, k is the relative momentum between electron and holes, and K M is the momentum of the K point in the Brillouin zone of monolayer MoSe 2 . The exciton state |X in Eq. (3) has a zero center-of-mass momentum, and therefore, can couple directly to the light and lead to optical absorption.
For interlayer excitons, we consider states with a generic finite center-of-mass momentum Q
where a v,M,(K M +p) and a † c,W,(K W +p ) respectively create a hole in MoSe 2 valence band and an electron in WS 2 conduction band. φ k is the corresponding wave function, and k is the relative momentum. m e,IX and m h,IX are respectively electron and hole mass in the interlayer exciton, and M IX = m e,IX + m h,IX is the exciton total mass. The interlayer exciton state |Q IX has an energy ω 0 + 2 Q 2 /(2M IX ), which includes an energy constant ω 0 and a kinetic energy of the center-of-mass motion. In Eq. (4), K W is the momentum of the K point in the Brillouin zone of monolayer WS 2 , and differs from K M due to lattice constant mismatch and misalignment.
The hybridization between intralayer and interlayer excitons is due to interlayer conductionband tunneling [10] in the moiré pattern, which is given in +K-valley by:
where w is a tunneling parameter. In Eq. (5), q 1 , q 2 and q 3 are momenta that compensates the momentum shift between K W and K M and are connected by the moiré reciprocal lattice vectors. q 1 is equal to K M −K W , while q 2 and q 3 are respectively related to q 1 by 2π/3 and 4π/3 rotations.
|q 1 | is given by 4π/(3a M ), and a M is the moiré period approximated by a 0 / √ θ 2 + 2 , where a 0 is the monolayer lattice constant, and is the lattice constant mismatch |a 0 − a 0 |/a 0 between the two layers [27] . In Eqs. (3), (4) and (5) , the spin label is not shown explicitly, and we consider spin up states.
This interlayer tunneling Hamiltonian H T hybridizes an intralayer exciton |X with an interlayer exciton |IX , which shares the same angular momentum as |X and can be written as [12] :
The energy difference δ between |IX and |X is
where the energy E intra of intralayer exciton |X is assumed to be independent of the twist angle θ, while the energy E inter of interlayer exciton |IX increases with increasing θ due to its kinetic energy. Equation (7) provides a quantitative description of the experimentally observed θ dependence of the detuning δ when θ is small.
The coupling J between |IX and |X due to the interlayer tunneling is
where φ k and ψ k are respectively the relative-motion wave function for interlayer and intralayer We make two remarks about the theory. (1) While R stacking configuration and the MoA hybrid exctions are assumed in the above analysis, Equations (7) and (8) 
